A study was made of the number of dislocations change in the crystallographic shift zone for fcc metals: lead, aluminum and copper, depending on the magnitude of the acting stress and other factors affecting the formation of the shear zone, using a mathematical model that takes into account the influence of the basic resistance mechanisms to the propagation of a dislocation loop.
Introduction
Plastic deformation of metals is of great practical importance, since it leads to an irreversible change in the structure of metals and their properties.
It is realized advantageously crystallographic slip mechanisms representing a displacement of one relative to the other metal layers. The process of plastic deformation can be represented as a set of elementary crystallographic slides confined within the crystal by closed dislocations (dislocation loops) separating the region where the slip passed from the rest of the slip plane.
Such a set of emerging dislocations forms a zone of crystallographic shear [1] . Crystallographic shear zone is decisive structural element of crystallographic slip. The time of the shear zone formation is much less than the duration of the deforming effect.
Crystallographic slip processes develop at various structural and scale levels. It is during the formation of the crystallographic shear zone that basic defects are generated-dislocations and point defects. Thus, plastic deformation is represented by crystallographic shifts localized in certain slip planes. The height of the step of the shear, arising on the surface of the crystal as a result of plastic deformation, can reach tens, hundreds and thousands of lengths of the Burgers vector.
Investigating the dynamics of the elementary slips formation is a complex task, both for experimental study and for mathematical modeling, since in the propagation of elementary slip, the dislocation limiting it overcomes many obstacles of different nature and different strength [2] .
A full-scale study of the zone of crystallographic shear formation under various conditions is impossible without the use of a combination of experimental, analytical methods and methods of computer modeling. Among methods of computer research of the mechanisms and processes of dislocation movement in the field of discrete obstacles in the formation of a zone of crystallographic shear, the methods of simulation modeling are dominant [3] [4] [5] [6] [7] [8] [9] . These methods are widely used to study the localization of deformation along with X-ray diffraction analysis and other experimental methods. In this field, significant results were obtained by the representatives of the Tomsk school M. V. Slobodskoy and L. E. Popov [8] , [9] using simulation simulation of dislocation motion in the field of discrete obstacles.
The methods of simulation are very effective, but at the same time extremely laborious. Alternative methods are methods of mathematical modeling [10] [11] [12] [13] [14] [15] .
The use of mathematical models makes it possible to reveal the general (integral) character of the zone of crystallographic shear formation under various conditions, although it does not give particular details of the entire pattern of the dislocation loops passage through a set of random obstacles. The use of these types of models also has its difficulties. Thus, the number of dislocations in the zone of the crystallographic shear can reach tens, hundreds and thousands, and each of the dislocations, as a rule, overcomes tens of thousands of obstacles.
In the work of Mott [10] , the first mathematical models of the dislocations dynamics were presented and investigated, which later on were developed in the works of V. D. Natsik and K. A. Chishko [11] , N. A. Tyapunina [12] , L. E. Popov and S. N. Kolupaeva [13] , A. E. Petelin [15] , [16] and others.
Metals with a face-centered cubic (fcc) lattice (Pb, Al, Cu, etc.) have high plasticity, sliping in them occurs in many directions.
The purpose of this work is to study the changes in the number of dislocations in the shear zone for lead, aluminum and copper, depending on the value of the acting stress and other factors affecting the formation of the crystallographic shear zone.
Mathematical model
Based on the law of conservation of energy for a closed dislocation loops in the paper of L. E. Popov, S. N. Kolupaeva et al. [13] was obtained a mathematical model of the crystallographic slip dynamics of dislocation loop. This model is a system of ordinary differential equations:
Here τ is the external stress, ε
k is the kinetic energy per unit length of the moving i th dislocation emitted by the dislocation source, r is the radius of the dislocation loop, ξ is the Smallman multiplier, p j is the fraction of threshold-forming dislocations of noncoplanar slip systems, p s is the fraction of threshold-forming dislocations on the outline segments of the dislocation loop, c is the sound velocity in the crystal, B is the coefficient of viscous inhibition, G is the shear modulus, b is the modulus of the Burgers vector, ν is the Poisson's ratio, ρ is the dislocation density, D is the shear zone diameter, µ 0 is the linear tension of the dislocation, τ R = τ f + τ d , where τ f is the stress of the lattice and impurity friction, τ d = αGρ 1/2 is the dislocation resistance to the propagation of crystallographic slip, α is the parameter characterizing the intensity of interdislocation interactions. The terms on the right-hand side of the first equation of system (1) represent, respectively, the Pich-Kohler force and the resistance forces due to: the action of inverse stress fields from the side of the dislocation cluster, the linear tension of the moving dislocation, the overcoming of lattice, impurity and dislocation friction, viscous inhibition and point defects generation.
Thus, in the model (1), the Pich-Kohler forces due to the applied action are taken into account, the forces of resistance to the movement of dislocations caused by lattice, impurity and dislocation friction, viscous inhibition, inverse stress fields from accumulation of previously emitted dislocations, and also by linear tension of dislocations and the generation of point defects beyond the thresholds on a dislocation; the dependence of the linear tension force of the dislocation and the intensity of point defects generation beyond the thresholds on dislocations from the orientation of the Burgers vector In relation to the dislocation line.
All parameters of the model (1) have a physical meaning and, as a rule, are the characteristics of the material or the effect on it. This model can be used to study the energy, scale and time characteristics of elementary crystallographic slip and the shear zone as a whole, taking into account the dependence of the linear tension force of the dislocation and the intensity of the generation of point defects.
Research results
The investigations were carried out on the basis of a mathematical model of crystallographic slip dynamics (1) . The values of the basic parameters of the model used according to independent experimental and theoretical studies of various authors. Modeling was carried out for copper, aluminum and lead using the Dislocation Dynamics of Crystallographic Slip (DDCS) software package, developed by S. N. Kolupaeva and A. E. Petelin [14] , and designed to implement the mathematical model of the dislocation dynamics of crystallographic slip in fcc metals. To find the solution of the system of ordinary differential equations (1) in the DDCS software complex, the Gear method is used. To build the acceleration points needed for the Gyr method, the explicit Adams method is used. It is assumed that at a time t = 0, the dislocation source segment has the form of a circle of radius r c . The equations are solved under the conditions of the following Cauchy problem: ε
The calculations were carried out for room temperature, the dislocation density 10 12 m −2 , the values of the lattice and impurity friction of 1 MPa, the critical (minimum) length of the dislocation source, the fraction of threshold-forming dislocations on the outline segments of the dislocation loop equal to 1/3, and for 50 percent of the threshold-forming dislocations of noncoplanar slip systems. In each separate calculation, one of the parameters of the mathematical model (1) changed with the other parameters unchanged. As a result of the study, an increasing nonlinear logarithmic dependence of the number of dislocations in the zone of the crystallographic shear on the magnitude of the acting stress was revealed (Fig. 1) .
It is shown that for an equal value of the external acting stress τ , the number of dislocations in the crystallographic shear zone in aluminum is an order of magnitude higher than in copper and an order of magnitude lower than in lead. With a value of the lattice and impurity friction τ f equal to 1 MPa, the number of dislocations in the zone of the crystallographic shear in copper, aluminum and lead is approximately 30 dislocations (Fig. 2) . With decreasing τ f , a practically linear increase in the number of dislocations is observed for each of the metals studied. When the lattice and impurity friction is reduced by an order of magnitude, the number of dislocations in the shear zone in copper is doubled, in aluminum by almost three times, and in lead by almost eight times.
At a minimum length d of a dislocation source, at which emission of dislocation loops is possible, defined as [1] : d = ( √ 0, 14ξρ) −1 , the number of dislocations in the shear zone in copper, aluminum and lead varies insignificantly and is equal to ≈ 30.
As the length of the dislocation source increases the number of dislocations in the shear zone increases by almost an order of magnitude, reaching a maximum value about 200 dislocations, and then decreases (Fig. 3) . At the same length of the dislocation source the number of dislocations in the shear zone in copper is on average 10 percent higher than in aluminum and an average of 20 percent less than in lead. 
Conclusion
As a result of the study, it was shown that when the density of dislocations decreases from 10 12 to 10 11 m −2 , the number of dislocations in the zone of the crystallographic shear increases by two orders of magnitude (Fig. 4) . In copper, aluminum, and lead, the number of dislocations for identical values of dislocation density differs insignificantly. Thus, as a result of the investigation, a significant dependence of the number of dislocations in the zone of the crystallographic shift on the effective stress and dislocation density is revealed. A complex dependence of the number of dislocations in the zone of the crystallographic shear on the dislocation source length, which has a rapidly increasing character at a relatively small dislocation source length and a slowly decreasing character at large lengths of the dislocation source is shown.
